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operates by raising the trap position when the bead
fluctuates above the trap center. The upward fluctuation
of the bead, increasing its gravitational potential energy, is
rectified by ratcheting the trap position. We update the trap
position to convert the thermal fluctuations from the
nonequilibrium bath into gravitational energy, while ensur-
ing that the shifted trap potential does not perform work on
the bead [18].

The position xðtÞ of a bead trapped in a harmonic
potential centered on λ at time t in a nonequilibrium bath
is described by the Langevin equation

_xðtÞ ¼ −½xðtÞ − λðtÞ�|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
restoring force

− δg|{z}
grav

þ ξðtÞ|{z}
thermal

þ ζðtÞ|{z}
noneq

; ð1Þ

where lengths are rescaled by the bead position’s equilib-
rium standard deviation σ ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffi

kBT=κ
p

in the trap with
strength κ and times by the relaxation time τr ≡ γ=κ
of a bead with Stokes’ friction coefficient γ in the trap.
The scaled effective mass δg ≡ Δmg=ðκσÞ accounts for the
effects of gravity and buoyancy on a bead with effective
mass Δm ¼ Δρð4=3Þπr3, with r the particle radius and
Δρ the density difference between the particle and the
surrounding fluid. The noise ξðtÞ reflects equilibrium
thermal fluctuations of the water bath and is modeled by
Gaussian white noise with hξðtÞξðt0Þi ¼ 2δðt − t0Þ.

We measure the bead position at a sampling time
ts ¼ 20 μs. The trap is updated simultaneously with mea-
surements, with a lag of 20 μs. The ratchet feedback
algorithm is

λkþ1 ¼ λk þ α ðxk − λkÞΘðxk − λkÞ; ð2Þ

for step function Θð·Þ and scalar feedback gain α. When
the particle position is accurately known and fluctua-
tions arise from an equilibrium thermal bath, feedback
rules of the form of Eq. (2) can extract maximum free
energy [18,35,36].
Nonequilibrium bath.—The second noise ζðtÞ in Eq. (1)

describes random electrokinetic forcing of strength Dne.
The electrokinetic forces combine electro-osmotic and
electrophoretic effects on the bead [37]. Here, we empiri-
cally determine the nonequilibrium-noise strength.

The fluctuating electrokinetic forces arise from the
amplified, low-pass-filtered Johnson noise of a resistor.
In scaled units, the noise term obeys

f



fne, in agreement with numerical simulations (see
Supplemental Material [23], Sec. III). The output power
saturates at fne ≳ 100: At high fne, the bead cannot follow
the force fluctuations and thus effectively experiences
white noise indistinguishable from that of a thermal bath
with a higher “effective temperature.” Further increases in
the cutoff frequency do not affect the bead’s dynamics. At
low fne



dynamics in the conditional entropy [24] H½ΛjX� of the trap
position λ given the particle position x [25]. Therefore, the



half the maximum possible output. By contrast, equiparti-
tion implies that a bath in equilibrium at a temperature T
has modes with equal energies up to phonon frequencies,
kBT=h ≈Oð1013Þ Hz, with h Planck’s constant [51]. Thus,
the fraction of forced modes is only 10−10. Put another way,
if the nonequilibrium forcing is removed and the bath
returns to equilibrium, its temperature does not measurably
increase.

Engines can thus extract work from nonequilibrium
modes, while the associated measuring device remains at
equilibrium. Given a white-noise spectrum with frequen-
cies 10–100× higher than the engine cutoff frequency, we
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